SUMMARY AND CONCLUSIONS by Mitchell L. Sutter et al.
JOURNALOFNEUROPHYSIOLOGY 
Vol.  65,  No.  5,  May  1991.  Printed  in  U.S.A. 
Physiology  and  Topography  of Neurons 
With  Multipeaked  Tuning  Curves  in  Cat  Primary  Auditory  Cortex 
MITCHELL  L.  SUTTER  AND  CHRISTOPH  E.  SCHREINER 
Coleman  Memorial  Laboratory  and  Graduate  Group  in  Bioengineering,  University  of California, 
San  Francisco,  California  94143-0732  . 
SUMMARY  AND  CONCLUSIONS 
1.  The  physiology  and  topography  of single  neuron  responses 
along  the  isofrequency  domain  of the  middle-  and  high-frequency 
portions  [characteristic  frequencies  (CFs)  >4  kHz]  of the  primary 
auditory  cortex  (AI)  were  investigated  in  the  barbiturate-anesthe- 
tized  cat.  Single  neurons  were  recorded  at  several  locations  along 
the  extent  of isofrequency  contours,  defined  from  initial  multiple- 
unit  mapping.  For  each  neuron  a  high-resolution  excitatory  tun- 
ing  curve  was  determined,  and  for  some  neurons  high-resolution 
two-tone  tuning  curves  were  recorded  to  measure  inhibitory/sup- 
pressive  areas. 
2.  A  physiologically  distinct  population  of  neurons  was  found 
in  the  dorsal  part  of cat  AI.  These  neurons  exhibited  two  or  three 
distinct  excitatory  frequency  ranges,  whereas  most  neurons  in  AI 
responded  with  excitation  to  a  single  narrow  frequency  range. 
These  were  called  multipeaked  neurons  because  of the  shape  of 
their  tuning  curves.  At  frequencies  between  the  excitatory  regions, 
the  multipeaked  neurons  were  inhibited  or  unresponsive. 
3.  Multipeaked  neurons  exhibited  several  distinct  threshold 
minima  in  their  frequency  tuning  curves.  Most  of the  multipeaked 
neurons  (88%)  displayed  two  frequency  minima,  whereas  the  rest 
exhibited  three  minima. 
4.  The  frequency  separation  between  threshold  minima  was  <  1 
octave  in  7 1%  of the  double-peaked  neurons  recorded.  Occasion- 
ally,  the  frequency  peaks  of these  neurons  closely  corresponded  to 
a  response  to  second  and  third  harmonics  without  a  response  to 
the  fundamental  frequency. 
5.  Multipeaked  neurons  exhibited  a wide  range  of total  band- 
widths  (highest  excitatory  frequency  minus  lowest  excitatory  fre- 
quency  expressed  in  octaves).  Bandwidths  of the  isolated  peaks 
within  the  same  neuron  were  also  quite  variable. 
6.  Response  latencies  to  tones  with  frequencies  within  each 
peak  of  a  multipeaked  neuron  could  vary  considerably.  In  7 1% 
(17)  of the  neurons,  tones  corresponding  to  the  high-frequency 
peak  (CF,)  elicited  a longer  response  latency  (24  ms)  than  those 
corresponding  to  the  low-frequency  peak  (CF,). 
7.  Inhibitory/suppressive  bands,  as demonstrated  with  a two- 
tone  paradigm,  were  often  present  between  the  peaks.  Typically, 
neurons  with  excitatory  peaks  of  similar  response  latencies 
showed  an  inhibitory  band  located  between  the  peaks. 
8.  Ninety  percent  of the  topographically  localized  multipeaked 
neurons  were  in  the  dorsal  part  of AI  (>  1 mm  dorsal  to  the  maxi- 
mum  in  the  sharpness-of-tuning  map).  Although  these  neurons 
were  restricted  to  dorsal  AI,  only  35%  of  neurons  in  this  region 
were  multipeaked. 
9.  Multipeaked  neurons  could  show  decreased  response  laten- 
ties  and  thresholds  to  two-tone  combinations. 
20.  These  results  suggest  that  the  subpopulation  of  multi- 
peaked  cortical  neurons,  located  in  the  dorsal  part  of AI,  may  be 
sensitive  to  specific  spectrotemporal  combinations  in  the  acoustic 
input.  If so,  these  neurons  may  physiologically  parallel  combina- 
tion-sensitive  neurons  found  in  bats  and  may  be  involved  in  com- 
plex  sound  processing. 
INTRODUCTION 
Neurons  that  preferentially  respond  to  combinations  of 
spectral  parameters  are  potentially  useful  for  the  integra- 
tion  and  classification  of  acoustical  signals  with  complex 
harmonic,  formant,  or resonance  structures.  Most  neurons 
in  the  auditory  cortex  of cats (Abeles  and  Goldstein  1970, 
1972;  deRibaupierre  et al.  1972;  Goldstein  et al.  1968;  Oon- 
ishi  and  Katsuki  1965;  Phillips  and  Irvine  198 1) and  mon- 
keys  (Funkenstein  and  Winter  1973;  Pelleg-Toiba  and 
Wollberg  1989)  possess response  areas  centered  around  a 
single  frequency.  In  these studies,  however,  a small  percent- 
age of neurons  was recorded  that  responded  to  several  dis- 
tinct  frequency  ranges,  separated  by nonexcitatory  frequen- 
cies.  These  neurons  have  been  called  “multiple-peak” 
(Oonishi  and  Katsuki  1965)  or  “multipeaked”  (Abeles  and 
Goldstein  1972)  neurons  because  their  frequency  tuning 
curves  display  two  or  more  clearly  separated  frequency 
threshold  minima.  Multipeaked  neurons  represent  a sepa- 
rate functional  class of cells and  are potential  candidates  for 
neurons  that  process  complex  sounds. 
In  echolocating  mustached  bats,  Pteronotus  parnellii, 
neural  responses  with  two  distinct  frequency  peaks  have 
been  reported  (Suga  et  al.  1979,  1983;  Suga  and  Tsuzuki 
1985).  These  neurons  respond  best to  the  presentation  of a 
stimulus  with  energy  restricted  to both  frequency  regions  of 
the  two  peaks  in  the  tuning  curve.  These  multipeaked  neu- 
rons  can  encode  the  velocity  of a biosonar  target  through 
analysis  of Doppler-shifted  echoes  and  are topographically 
organized  within  a  restricted  area  in  the  mustached  bat’s 
auditory  cortex  (Suga  et al.  1979,  1983). 
Although  there  is extensive  literature  on  the  properties  of 
single-peaked  neurons  in  the  auditory  cortex  of nonecholo- 
eating  mammals  such  as  the  cat  and  monkey,  little  is 
known  about  the  properties  and  spatial  distribution  of mul- 
tipeaked  cortical  neurons  in  these  species.  In  the  past, 
knowledge  of functional  organization  in  the  cat’s  primary 
auditory  cortex  (AI)  has been  limited  to the  well-established 
tonotopic  organization  in  the  rostrocaudal  dimension 
(Merzenich  et  al.  1975;  Reale  and  Imig  1980)  and  to  the 
topographic  organization  of  binaural  response  properties 
(Imig  and  Adrian  1977;  Middlebrooks  et  al.  1980).  More 
recently,  the dorsoventral  extent  of AI  has been  defined  by a 
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gradient  in  multiple-unit  sharpness  of frequency  tuning  or 
bandwidth  (Q-map)  (Schreiner  et  al.  1988;  Schreiner  and 
Mendelson  1990).  At  the  dorsal  and  ventral  ends  of  AI, 
multiple-unit  recordings  are  broadly  tuned.  Clusters  be- 
come  more  sharply  tuned,  showing  an  increase  in  QlodB 
and  QJodB,  as electrode  penetrations  progress  toward  the 
center  of  the  dorsoventral  extent  of the  isofrequency  do- 
main  of  AI.  A  combination  of  tonotopic  and  excitatory 
bandwidth  organization  now provides  a more  detailed  phys- 
iological  framework  to  explore  the  functional  organization 
of AI. 
In  this  study,  experiments  were performed  to  explore  the 
properties  and  spatial  distribution  of  isolated  single  neu- 
rons  with  multipeaked  tuning  curves  across the  dorsoven- 
tral  extent  of cat AI.  A  multiple-unit  Q-map  was obtained 
to  define  physiologically  the  dorsoventral  extent  of AI  so 
that  the  position  of single  neurons  within  the  isofrequency 
domain  could  be  measured  reliably.  A  preliminary  disclo- 
sure  of some  of the  results  presented  in  this  paper  has ap- 
peared  in  abstract  form  (Sutter  and  Schreiner  1989). 
METHODS 
The  main  goal  of this  study  was  to  determine  the  properties  and 
spatial  locations  of single  neurons  with  multipeaked  tuning  curves 
in  AI.  Some  reliable  description  of the  dorsoventral  extent  of AI 
must  be  used  to  spatially  localize  single  neurons  in  AI.  The  spatial 
distribution  of the  sharpness  of tuning  along  the  isofrequency  do- 
main  as obtained  with  the  multiple-unit  technique  provides  such  a 
measure  (Schreiner  and  Mendelson  1990).  Our  experimental  pro- 
tocol  consisted  of the  following  series  of procedures:  1)  surgically 
preparing  the  animal,  2)  photographing  the  brain  surface,  3)  pre- 
mapping  the  sharpness-of-tuning  distribution  (Q-map)  with  multi- 
ple-unit  recordings,  and  4)  recording  from  single  neurons  the  loca- 
tion  of which  relative  to  the  premap  was  known.  Recordings  from 
multiple  units  were  only  used  for  the  premap  and  are  not  included 
in  the  data  base  for  multipeaked  neurons. 
Surgical  preparation 
Experiments  were  conducted  on  eight  young  adult  cats. Anesthe- 
sia  was  induced  with  an  intramuscular  injection  of ketamine  hy- 
drochloride  (10  mg/kg)  and  acetylpromazine  maleate  (0.28  mg/ 
kg).  After  venous  cannulation,  an  initial  dose  of  pentobarbital 
sodium  (30  mg/kg)  was  administered.  Animals  were  maintained 
at a surgical  level  of anesthesia  with  a continuous  infusion  of pen- 
tobarbital  sodium  (2  mg  l  Kg-’  l  h-l)  in  lactated  Ringer  solution 
(infusion  volume:  3.5  ml/h)  and,  if necessary,  with  supplementary 
intravenous  injections  of pentobarbital  sodium.  The  cats were  also 
given  dexamethasone  sodium  phosphate  (0.14  mg/kg  im)  to  pre- 
vent  brain  edema  and  atropine  sulfate  (1  mg  im)  to  reduce  saliva- 
tion.  The  temperature  of the  animals  was  monitored  with  a rectal 
temperature  probe  and  maintained  at  37.5  “C  by  means  of  a 
heated  water  blanket  with  feedback  control. 
The  head  was  fixed,  leaving  the  external  meati  unobstructed. 
The  temporal  muscle  on  the  right  hemisphere  was  then  retracted 
and  the  lateral  cortex  was  exposed  by  a  craniotomy.  The  dura 
overlying  the  middle  ectosylvian  gyrus  was  removed,  the  cortex 
was  covered  with  silicone  oil,  and  a  photograph  of  the  surface 
vasculature  was  taken  to  mark  the  electrode  penetration  sites.  For 
recording  topographically  identified  single  neurons,  a  wire  mesh 
was  placed  over  the  craniotomy  and  the  space  between  the  grid 
and  cortex  was  filled  with  a  1%  solution  of  clear  agarose.  This 
approach  diminished  pulsations  of the  cortex  and  provided  a fairly 
unobstructed  view  of identifiable  locations  across  the  exposed  cor- 
tical  surface. 
Stimulus  generation  and  delivery 
Experiments  were  conducted  in  a double-walled  sound-shielded 
room  (IAC).  Auditory  stimuli  were  presented  via  calibrated  head- 
phones  (STAX  54)  enclosed  in  small  chambers  that  were  con- 
nected  to  sound  delivery  tubes  sealed  into  the  acoustic  meati  (So- 
kolich  198  1;  U.S.  Patent  425  1686).  The  sound-delivery  system 
was  calibrated  with  a sound  level  meter  (Brtiel  &  Kjaer  2209)  and 
a waveform  analyzer  (General  Radio  152 1  -B).  The  frequency  re- 
sponse  of the  system  was  essentially  flat  up  to  14  kHz  and  did  not 
have  major  resonances  deviating  more  than  t6  dB  from  the  aver- 
age  level.  Above  14  kHz,  the  output  rolled  off  at  a  rate  of  10 
dB/octave.  Results  were  not  adjusted  to  correct  for  the  frequency 
transfer  function.  Harmonic  distortion  was  255  dB  below  the  pri- 
mary  (depending  on  the  sampling  rate  and  the  settings  of the  an- 
tialiasing  low-pass  filter.) 
Tones  were  generated  by a  microprocessor  (TMS320  10;  16 bit 
D/A  converter  at  120  kHz;  low-pass  filter  of 96  dB/octave  at  15, 
35,  or  50  kHz).  The  processor-related  useful  dynamic  range  of 
these  stimuli  was  78  dB,  allowing  a  3-bit  amplitude  resolution  at 
the  lowest  used  level.  Additional  attenuation  was  provided  by a 
pair  of passive  attenuators  (Hewlett  Packard).  Stimuli  up  to  110 
dB  SPL  could  be  delivered  through  the  speaker  system.  The  dura- 
tion  of  each  tone  burst  was  usually  50  ms,  except  when  it  was 
extended  to  85  ms  for  long-latency  responses.  The  rise/fall  time 
was  3 ms.  The  interstimulus  interval  was  400-l  ,000  ms. 
Frequency  response  areas 
Frequency  response  areas  (FRAs)  were  obtained  for  each  single 
and  multiple  unit  recorded.  The  method  is  similar  to  that  origi- 
nally  used  by Evans  (1975,  1979).  To  generate  an  FRA,  we  deliv- 
ered  2675  different  tone  bursts.  Tone  bursts  were  presented  in  a 
pseudorandom  sequence  of  different  frequency-level  combina- 
tions  selected  from  15 level  values  and  45  frequency  values.  Steps 
between  levels  were  5 dB,  resulting  in  a sampled  dynamic  range  of 
75  dB. 
The  frequency  range  covered  by  the  45  frequency  steps  was 
centered  around  the  estimated  characteristic  frequency  (CF)  of 
the  recording  site  and  covered  between  2 and  5 octaves,  depending 
on  the  estimated  width  of  the  frequency  tuning  curve.  Stimulus 
frequencies  were  chosen  so  that  the  45  presented  frequencies  were 
spaced  an  equal  fraction  of an  octave  over  the  entire  range.  For 
most  cases this  provided  a 0.067-octave  resolution  over  a total  of 3 
octaves. 
To  measure  inhibition  and  facilitation,  we  used  a two-tone  si- 
multaneous  masking  paradigm  (for  interpretational  limitations 
see  DISCUSSION).  The  probe  signal  was  a CF  tone  burst  presented 
at the  minimum  intensity  required  to  drive  the  neuron  repetitively 
(usually  lo-20  dB  above  minimum  threshold).  This  constant  tone 
burst  was  presented  simultaneously  with  a  variable  masker  tone. 
The  masker  tones  were  administered  for  675  level-frequency  com- 
binations  as described  for  pure-tone  FRAs. 
Recording  procedure 
Parylene-coated  tungsten  microelectrodes  (Microprobe)  with 
impedances  of  1.0-8.5  Mti  at  1  kHz  were  introduced  into  the 
auditory  cortex  with  a  hydraulic  microdrive  (KOPF)  remotely 
controlled  by a stepping  motor.  All  penetrations  were  roughly  or- 
thogonal  to  the  brain  surface.  The  recordings  reported  here  were 
derived  at intracortical  depths  ranging  from  600  to  1,000  microme- 
ters,  as determined  by the  microdrive  setting.  Neuronal  activity  of 
single  units  or  small  groups  of neurons  (2-6  neurons)  were  ampli- 
fied,  band-pass  filtered,  and  monitored  on  an  oscilloscope  and  an 
audio  monitor.  Multiple-unit  recordings  were  employed  only  to 
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allowed  for  collection  of enough  data  to  premap  lo-30  locations  Data  analysis 
in  a reasonable  amount  of time  (4  h).  Spike  activity  was  isolated 
from  the  background  noise  with  a  window  discriminator  (BAK  From  the  responses  to  675  different  frequency-level  combina- 
DIS-  1).  The  number  of  spikes  per  presentation  and  the  arrival  tions,  an  objectively  determined  FRA  was  constructed  for  every 
time  of the  first  spike  after  the  onset  of the  stimulus  were  recorded  recording  site.  The  left  side  of  Fig.  1 shows  examples  of  recon- 
and  stored  in  a  computer  (DEC  1 l/73).  The  recording  window  strutted  FRAs  obtained  in  multiple  (A)  and  single  (B)  units  in  AI. 
had  a duration  of W-85  ms,  corresponding  to  the  stimulus  dura-  The  ordinate  corresponds  to  the  sound  level  of the  tone-burst  stim- 
tion  and  excluding  any  offset  response,  ulus,  while  the  abscissa  corresponds  to  the  frequency.  All  pre- 
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FIG.  1.  FRAs  (/l$)  and  corresponding  tuning  curves  (shaded  area,  I?@)  for  a  multiple  unit  (A)  and  single  neuron  (B)  in 
AI.  Level  and  frequency  axis  correspond  to  stimulus  parameters.  Lengths  of  lines  in  the  FRA  are  proportional  to  number  of 
spikes  fired  for  the  stimulus  with  corresponding  frequency  and  level.  No  line  for  a  given  stimulus  frequency  combination 
corresponds  to  no  response.  Frequency  response  areas  are  defined  by  675  different  stimuli  for  all  single  neuron  and  multiple 
units  recorded  in  this  study.  Stimuli  were  presented  at  15  different  levels  spaced  5  dB  apart  and  at  45  frequencies  equally 
spaced  on  a  logarithmic  scale.  Tuning  curves  were  determined  by  the  objective  isoresponse  criteria  of  the  spontaneous  rate 
plus  20%~  of  the  maximum  response.  Responses  above  these  criteria  were  considered  part  of  the  frequency  tuning  curve.  14: 
single-peaked  tuning  curve  for  a high  spontaneous  multiple-unit  response.  B:  multipeaked  tuning  curve  of  a  low  spontaneous 
single-neuron  response. M.  L.  SUTTER  AND  C.  E.  SCHREINER 
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FIG.  2.  A:  frequency  response  area  (FRA)  for  a sin- 
gle-peaked  neuron  with  complex  internal  structure.  This 
neuron  responded  best  to  5  kHz  (longer  lines),  with 
weaker  response  areas between  6 and  9 kHz  and  11 and 
12 kHz.  Amplitude  of responses from  9 to  11 kHz  were 
between  the  weak  and  strong  responses. B: dark  shaded 
area  represents  the  objectively  determined  tuning  curve 
of the  same  neuron  by the  use of an isoresponse  criteria 
of the  spontaneous  rate  plus  20% of the  maximum  firing 
rate. 
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FIG.  3.  Frequency tuning  curves for the  24 recorded  multipeaked  neurons.  All  tuning  curves were  plotted  for  1 decade  of 
frequency  and  an 80-dB  amplitude  range  to  aid  direct  visual comparison. MULTIPEAKED  TUNING  CURVES  IN  CAT  AI  1211 
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FIG.  4.  ‘4:  frequency  tuning  curve  for  a  single  neuron  that  responded  to 
2nd  and  3rd  harmonics  of  a  missing  fundamental.  Tuning  curve  for  this 
neuron  is also  depicted  in  Fig.  3B.  B: frequency  tuning  curve  for  multi-unit 
recording  at  the  same  location  showed  a  response  to  2  harmonics  plus  the 
fundamental  frequency  to  which  the  largest-amplitude  single  neuron  (A) 
did  not  respond.  Note  that  the  thresholds  are  lower  for  the  multiple  unit 
responses. 
sented  stimuli  would  be  represented  by a  15  (ordinate)  X  45  (ab- 
scissa)  grid  with  equal  spacing  and  size  of elements.  Responses  are 
represented  at  the  point  of  intersection  of the  intensity  and  fre- 
quency  of each  presented  stimulus.  The  length  of the  line  at  each 
intersection  is proportional  to  the  number  of spikes  discharged  in 
response  to  the  stimulus.  Usually  each  stimulus  was  presented 
once.  If the  resulting  FRA  was  not  well  defined,  the  process  was 
repeated  with  the  same  675  stimuli  and  the  resulting  evoked  activ- 
ity  was  added  to  the  first.  Occasionally  FRAs  were  rerecorded 
-  l-2  h  after  the  original  FRA  (see  Table  3 and  DISCUSSION). 
A  tuning  curve  was  extracted  from  the  FRA  by the  use  of an 
objective  method.  For  the  response  threshold,  a  computer  pro- 
gram  defined  the  isoresponse  criteria  as the  estimated  spontaneous 
rate  plus  20%  of the  peak  rate.  The  true  spontaneous  rate  was  not 
measured  but  was  approximated  by  averaging  the  number  of 
spikes  from  a  9  X  5  (45-point)  region  corresponding  to  the  lower 
left  corner  on  the  FRA.  Controls  with  audiovisual  response  moni- 
toring  confirmed  that  this  region  was  located  outside  the  areas  of 
driven  activity. 
Response  measures  were  calculated  for  each  point  on  the  FRA 
by  weighted  averaging  with  the  eight  nearest  neighbors  of  the 
point.  Responses  to  the  points  directly  above,  below,  right,  and  left 
of the  response  point  were  multiplied  by  0.25.  Responses  to  the 
four  points  diagonal  to  the  response  point  were  multiplied  by 
0.125.  The  response  of  the  actual  point  was  added  to  the  eight 
weighted  measures  from  above,  and  the  resulting  number  was 
then  divided  by  2.5  to  give  a  spike  count.  This  criterion  was  ro- 
bust,  yielding  comparable  tuning  curves  for  the  wide  range  of 
FRAs  recorded.  The  range  included  both  high  spontaneous  multi- 
ple-unit  (Fig.  IA)  as well  as low  spontaneous  single-neuron  (Fig. 
1  B)  recordings.  From  these  objectively  determined  single-tone 
tuning  curves  (e.g.,  Fig.  1, right),  several  response  properties  were 
measured. 
1)  CF  is the  stimulus  frequency  with  the  lowest  sound  pressure 
level  necessary  to  evoke  a  neuronal  response.  CF  is synonymous 
with  best  frequency. 
2)  Strongest  response  frequency  (SRF)  is  the  stimulus  fre- 
quency  that  evokes  the  largest  neural  response  at  a fixed  stimulus 
intensity. 
3)  Minimum  threshold  is  the  lowest  level  to  evoke  a  neuronal 
response-that  is,  the  threshold  at  CF. 
4)  Qmcm  is the  CF  divided  by the  bandwidth  of an  FRA  10 dB 
above  minimum  threshold. 
5)  QmdB  is the  CF  divided  by the  bandwidth  of an  FRA  40  dB 
above  minimum  threshold.  This  measure  was  used  only  to  form 
the  multiple-unit  Q-map.  (Multipeaked  multiple  units  were  un- 
common  and  were  not  used  in  forming  the  Q-maps.) 
6)  Bandwidth  is the  bandwidth  of an  FRA  30  dB  above  mini- 
mum  threshold  (in  octaves).  For  multipeaked  neurons  the  entire 
bandwidth  encompassing  the  excitatory  response  (total  band- 
width)  was  measured,  as well  as the  bandwidth  of each  individual 
peak. 
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FIG.  5.  Histogram  of  the  ratios  of  CFs  between  peaks  in  the  same  neu- 
ron.  CF  ratio  =  CF  of  high-frequency  peak  divided  by  the  CF  of  the  low- 
frequency  peak.  Median  CF  ratio  is  1.56.  A  CF  ratio  of  1.5  would  corre- 
spond  to  CFs  that  were  2nd  and  3rd  harmonics  of  a  missing  fundamental 
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TABLE  1.  Comparison  ofdQ$erences  in properties  of low-  and high-frequency  peaks 
Difference  Function*  Low-Frequency  Peak  High-Frequency  Peak 
Percentiles  Percentiles  Percentiles 
nS  25th  50th  75th  n  25th  50th  75th  n  25th  50th  75th  p-l 
Latency,  ms  24  -0.15  2.70  7.50  24  14.30  18.70  24.90  24  16.50  22.60  32.30  0.0067 
Bandwidth,  octaves  2 1  -0.4  1  -0.04  0.12  23  0.15  0.27  0.72  21  0.13  0.23  0.40  0.2  100 
CF  ratio5  21  1.46  1.56  2.16 
Threshold,  dB  21  -7.50  5.00  7.30 
*  Values  of  high-frequency  peak  minus  value  from  low-frequency  peak  (except  for  CF  ratio).  $Triple-peaked  neurons  were  excluded  from  CF  ratio  and 
threshold.  &F&F,.  TPaired  t  test  between  2  peaks. 
7)  Latency  (L)  is  the  response  latency,  measured  by averaging 
the  latent  period  to  the  first  spike  of a  point  on  the  tuning  profile 
with  its  two  frequency  neighbors  (directly  right  and  left  of  the 
point)  and  the  three  latencies  to  the  same  frequencies  at  the  next 
highest  level  (directly  and  diagonally  above  the  point).  With  this 
procedure,  latency  versus  level  functions  (IO-dB  resolution)  were 
derived.  Two  measures  of response  latency  were  determined  from 
these  functions.  Minimum  latency  is  defined  as  the  shortest  la- 
tency  obtained  for  such  a  profile;  L,,  is  the  response  latency  ob- 
tained  30  dB  above  minimum  threshold. 
RESULTS 
A  total  of  116  single  neurons  from  eight  cats were  ana- 
lyzed  for  this  study.  Of  the  116  neurons,  24  (20.7%)  had 
multipeaked  tuning  curves.  Multipeaked  classification  was 
based  on  FRA  analysis  that  was performed  blindly  with 
respect  to  neuron  location.  Neurons  were classified  as mul- 
tipeaked  if two  or more  frequency  regions  to which  the  neu- 
ron  responded  were  separated  by  a  frequency  range  that 
elicited  no  driven  activity.  To  eliminate  any  possibility  of 
sound  system  artifact  (see DISCUSSION)  we  used  two  criteria: 
1) the  thresholds  of at least two  of the  peaks  had  to  differ  by 
~40  dB  and  2)  separation  between  the  peaks  had  to  be 
maintained  for  levels  >  15 dB  above  minimum  threshold. 
Neurons  for  which  the  FRA  showed  multiple  response 
maxima  within  a  complex  but  continuous  receptive  field 
were  classified  as  single  peaked.  One  such  neuron  re- 
sponded  best  to  tones  between  4  and  6  kHz  and  also  re- 
sponded  well  to  tones  between  8 and  10 kHz  (Fig.  2).  The 
response  to  tones  between  6  and  8 kHz  was weaker.  This 
neuron,  however,  was not  classified  as multipeaked  because 
the  firing  rate  within  this  complex  FRA  never  fell  below the 
response  criterion  used  to  estimate  the  frequency  tuning 
curve  (FTC)  (Fig.  2B).  This  neuron  failed  to  meet  the  sec- 
ond  standard  for  multipeaked  classification;  that  is, the  sep- 
aration  of the  peaks  was not  maintained  at  intensity  levels 
>  15 dB  above  the  threshold. 
The  FRA  depicted  in  Fig.  1  B  fulfilled  both  criteria  for 
multipeaked  classification.  The  nonresponsive  area  be- 
tween  the  peaks was maintained  from  15 to  60 dB  above  the 
minimum  threshold,  meeting  criterion  2,  and  the  thresh- 
olds  of  the  two  peaks  were  t40  dB  apart,  meeting  cri- 
terion  1. 
A  large  variety  in  the  shapes  of  multipeaked  tuning 
curves  was observed.  The  tuning  curves  of all  the  encoun- 
tered  multipeaked  neurons  are  shown  in  Fig.  3. Although 
most  multipeaked  neurons  had  two  distinct  peaks,  three 
neurons  had  three  peaks  (Fig.  3,  G-I).  In  some  neurons 
each  peak  was sharply  tuned  (~0.4  octave  at  30  dB  above 
threshold,  Fig.  3, A-1  and  K).  Occasionally,  sharp  tuning 
was  accompanied  by  nonmonotonic  rate-level  functions 
(Fig.  3, D  and  E),  although  nonmonotonicity  was not  re- 
stricted  to  sharply  tuned  neurons  (Fig.  3J).  These  highly 
nonmonotonic  neurons  displayed  circumscribed  FRAs  and 
FTCs  because  they  failed  to  respond  to  stimuli  presented  at 
high-intensity  levels.  Several  neurons  (Fig.  3, P,  S-  I/,  and 
X)  displayed  a  broad,  low-threshold,  low-frequency  peak 
accompanied  by  a  narrower,  high-threshold,  high-fre- 
quency  peak.  Characteristic  frequencies  of  the  peaks  of 
some  neurons  (Fig.  3, E  and  F)  were similar,  whereas others 
(Fig.  3K)  were widely  separated.  Although  all  multipeaked 
neurons  displayed  distinct  multiple  CFs,  they  did  not  ex- 
hibit  uniform  frequency  tuning  breadth,  intensity  threshold 
properties,  or  CF  ratios. 
Frequency  separation  of peaks 
The  CFs of the  individual  peaks  of a multipeaked  neuron 
were usually  within  1 octave  of each  other.  For  some  neu- 
rons,  the  CFs  of the  peaks  approximated  the  second  and 
TABLE  2.  Comparison  of distributions&v single-peaked  and multipeaked  neurons 
Multipeaked  Neurons  Single-Peaked  Neurons 
Percentiles  Percentiles 
n*  25th  50th  75th  n  25th  50th  75th  p-l- 
Latency,  ms  50  16.30  19.60  27.90  91  13.70  16.50  21.50  0.005  1 
Peak  bandwidth,  octaves  46  0.13  0.27  0.59  91  0.24  0.35  0.70  0.1100 
Total  bandwidth,  octaves  24  0.79  1.17  1.57  91  0.24  0.35  0.70  0.000  1 
*  Values  from  all  3  peaks  (low,  medium,  and  high)  included.  tP  values  from  Mann-Whitney  U  tests. MULTIPEAKED  TUNING  CURVES  IN  CAT  AI  1213 
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FIG.  6.  Histogram  of threshold  differences between  peaks within  mul- 
tipeaked  neurons.  Threshold  difference  =  high-frequency  peak  threshold 
-  low-frequency  peak  threshold.  Negative  values correspond  to  a higher 
threshold  for  the  low-frequency  peak. 
third  harmonics  of a fundamental  frequency  to  which  the 
neuron  did  not  respond  (Fig.  4A).  This  neuron  (also see Fig. 
3B) was exceptional  in  that  the  tip  of its tuning  curve  shifted 
sharply  toward  lower  frequencies,  although  in  almost  all 
other  neurons  the  CF  and  the  SRF  10 dB  above  minimum 
threshold  were within  0.1  octave  of each  other.  Therefore 
SRF  rather  than  CF  is used  in  the  following  discussion  of 
the  neuron  depicted  in  Fig.  4A.  At  a level  of  10 dB  above 
minimum  threshold,  the  tuning  curve  displayed  SRFs  at 26 
and  38  kHz,  respectively.  The  ratio  of  the  peaks,  SRF2/ 
SRFl,  was 1.46, which  is close to the  ratio  of 1.5 character- 
izing  second  and  third  harmonics.  Figure  4B  shows a multi- 
ple-unit  tuning  curve  that  was recorded  at  the  same  loca- 
tion  in  the  cortex.  To  obtain  this  plot,  the  window 
discriminator  was adjusted  to  allow  three  neurons  to  be 
recorded  at once.  The  multiple-unit  response  contained  the 
previous  frequency  response  areas plus  a new response  area 
corresponding  to  the  fundamental  frequency  of  -  13 kHz. 
Multipeaked  neurons  showed  a wide  range  of CF  ratios, 
but  most  peaks (7 1% in  neurons  with  2 peaks)  were within  1 
octave  of each  other  (Fig.  5).  For  all  multipeaked  neurons, 
the  median  CF  ratio  was 1.56  with  the  25th  and  75th  per- 
centiles  at  1.46  and  2.16,  respectively  (see Table  1; for  per- 
centiles  of all  other  presented  median  values  see Tables  1 
and  2).  A  ratio  of  1.5  roughly  corresponds  to  second  and 
third  harmonics  in  a  harmonic  complex.  In  the  three 
neurons  with  three  distinct  peaks,  the  CF  ratios 
(CF,/CF,:CF,/CFI:CF,/CF,)  were  1.27: 1.3 1: 1.67, 
1.56:1.35:2.10,  and  1.34:1.37:1.84. 
Relative  thresholds  of peaks 
On  the  average,  CF,  displayed  a slightly  higher  threshold 
than  CF,,  although  there  was a wide  range  of threshold  dif- 
ferences.  The  distribution  of  the  difference  in  response 
threshold  (threshold  difference  =  threshold  to  CF,  tones  - 
threshold  for  CF, tones)  for  all  neurons  with  two peaks  dis- 
plays  this  difference  (Fig.  6).  The  threshold  difference  was 
4 0  +  16.5  (SD)  dB.  The  median  threshold  difference  was 
510 dB  (Table  1). The  threshold  ratios  (CF,  threshold/CF, 
threshold/CF,  threshold,  where  the  CF,  threshold  is  as- 
signed  a reference  value  of 0 dB)  for  the  three  triple-peaked 
neurons  were O/ 15/25,  O/O/-20,  and  O/ 15/ 15. 
Sharpness  of tuning 
Each  peak  of the  FTC  can be assigned  a bandwidth  value. 
It  is  apparent  that  the  sharpness  of tuning  for  the  peaks 
A  12  q  Low  frequency peak  (BWl) 
1 EJ  Middle  frequency peak  (BWm) 
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FIG.  7.  A: histogram  of bandwidths  (in  octaves) for  all  peaks in  multi- 
peaked  neurons.  White  bars in  the  stacked  bar  graph  correspond  to  band- 
widths  of low-frequency  peaks, stippled  bars correspond  to  middle  peaks, 
and  black  bars correspond  to  high-frequency  peaks. B: histogram  of band- 
widths  for  all  single-peaked  neurons.  C: histogram  of total  bandwidth  for 
multipeaked  neurons.  Total  bandwidth  is the  complete  excitatory  band- 
width  for  multipeaked  neurons,  including  the  region  of no  response  be- 
tween  the  peaks. 1214  M.  L.  SUTTER  AND  C.  E.  SCHREINER 
A 
50 1  +  8.6  kHz  peak  G 
is!4 
-  15.8  kHz  peak 
g 
10  30  50 
Level  (dB) 
ll”I  10.2 kHz  peak 
10 
l  +  17.2 kHz  peak 
’ 
1  I  1  I  I  I  1  1 
-10  10  30  50  70 
Level  (dB) 
, 
.  17.3 kHz  peak  + 
10 - *  25.6  kHz  peak 
-  I  I  -  1  -  1 
10  30  50  70  90 
Level  (dB) 
:  -o-  9.7  kHz  peak 
10  I  -  I peak  -  -  ‘-jT  14.7  kHz  I  ’  1 
5  25  45  65  85 
Level  (dB) 
FIG.  8.  Latency  vs.  intensity  level  function  for  4  multipeaked  neurons.  Filled  triangles  are  data  points  for  the  CF,  tones 
and  open  circles  are  data  for  the  CF,  tones.  A  and  B: 2  neurons  in  which  CF,  tones  elicited  a longer  latency  response  than  the 
CF,  tones  at  all  tested  intensities.  C:  neuron  in  which  the  high-frequency  peak  had  a  longer  latency  than  the  low-frequency 
peak  over  40  dB.  Latencies  converge  to  a  common  asymptote  at  higher  intensity  levels.  D:  neuron  with  similar  latencies 
between  the  2  peaks. 
containing  CF,  (BW,),  CF,  (BW,),  or  CF,  (BW,)  varied 
considerably  (Fig.  3).  In  general,  each  of  the  individual 
bandwidths  within  multipeaked  neurons  (BW,,  BW,,  and 
BW,)  was  comparable  with  the  bandwidths  of  single- 
peaked  neurons.  The  histogram  in  Fig.  7A depicts  the distri- 
bution  of bandwidth  values  for  all  individual  peaks  within 
multipeaked  neurons.  Bandwidth  values  were  derived  30 
dB  above  minimum  threshold,  as determined  from  the 
FTC  for individual  peaks,  and  are expressed in  octaves.  For 
several  peaks  (1  low-,  1 middle-,  and  3  high-frequency 
peaks)  bandwidth  could  not  be determined  because,  at  30 
dB  above  peak  threshold,  there  was already  substantial 
overlap  with  the  response  area  of a neighboring  frequency 
peak. 
The  median  for BW,,  BW,,  and  BW,  combined  was 0.27 
octave  (Table  2).  The  corresponding  median  QSodB value 
would  be  -  5.  For  single-peaked  neurons,  the  median 
bandwidth  was 0.35  octave  (Fig.  7B).  This  corresponds  to  a 
median  QjO dB value  of  -3-4.  Whereas  the  median  band- 
width  for  single-peaked  neurons  was greater  than  BW,, 
BW,,  and  BW,  for  multipeaked  neurons,  the  difference 
was not  statistically  significant  (P  =  0.11,  Mann-Whitney  U 
test). 
The  distribution  of “total  excitatory  bandwidth”  for mul- 
tipeaked  neurons  was highly  variable  (Fig.  7C).  This  mea- 
sure reflects  the  low-  and  high-frequency  excitatory  thresh- 
old  for the  entire  FRA  and  includes  the  nonresponsive  fre- 
quency  range  between  individual  peaks.  This  measure  was 
significantly  broader  than  the  bandwidth  of single-peaked 
neurons  (P  =  0.0001,  Mann-Whitney  U  test).  The  median 
total  bandwidth  for  multipeaked  neurons  was 1.17  octaves 
(Table  2).  The  median  BW,  was 0.27  octave,  whereas  the 
median  BW,  was 0.23  octave  (Table  1). This  difference  was 
not  statistically  significant  (P  =  0.2 1, paired  t test). 
Response  latency 
Latencies  to CF,  tones  were usually  longer  than  latencies 
to  CF,  tones.  Latency  versus  level  plots  at  the  CFs  of each 
peak  for  four  representative  multipeaked  neurons  are  dis- 
played  in  Fig.  8. The  neuron  for  which  the  latency  versus 
level  plot  is shown  in  Fig.  84  had  a relatively  short  latency, 
whereas  those  in  Fig.  8,  B  and  C,  had  longer  latency  re- 
sponses. At  30 dB  above  threshold,  these three  neurons  had 
longer  latencies  for  the  CF,  tones.  In  the  neuron  for  which 
the  latency  versus level  function  is shown  in  Fig.  SC,  how- MULTIPEAKED  TUNING  CURVES  IN  CAT  AI  1215 
A  1o  Wow  frequency  peak 
1 
n  High  frequency  peak 
q  Mddle  frequency  peak 
628303234363840 
B  20  Latency  (msec) 
1 
: 
2  G 
'"0  10 
z 
s 
E 
3 
z 
0  .  .  .  .  .  .  .  .  .  .  .  .  .  .  .  . 
C 
li,li1416ls2b2i24i62830Tj234363840 
Latency  (msec) 
c,  J 
I 
d  i  4  6  8  10  12  14  16  18  20  22 
Latency  difference  (msec) 
tency  30  dB  above  threshold,  the  latter  proved  to  be  the 
most  reliable  and  valid.  The  use  of minimum  latency  was 
not  desirable  because  stimuli  were presented  over  a 70-dB 
range.  Minimum  latency  usually  occurred  at the  higher  in- 
tensity  levels,  and  often  at  those  intensities  the  boundary 
between  individual  peaks  could  not  be clearly  determined. 
Of  the  multipeaked  neurons,  17  (70.8%)  had  a  longer 
latency  to  CF,  tones,  as measured  by LsO, than  to  CF, tones. 
Of  24 neurons,  7 (29.2%)  had  the  reverse  relationship.  The 
latency  difference  (CF,  tone  latency  -  the  CF, tone  latency) 
was 4.1  t  6.8  (SD)  ms.  The  median  latency  difference  was 
2.7  ms  (Table  1). The  latency  difference  between  peaks  was 
statistically  significant  (P  =  0.0067,  paired  t test). 
Multipeaked  neurons  tended  to  have  longer  latencies 
than  single-peaked  neurons  (compare  Fig.  9, A and  B).  For 
CF  tones  of all  the  peaks  of multipeaked  neurons,  the  me- 
dian  latency  was 19.6  ms  (Fig.  9A).  The  median  latency  for 
CF,  tones  was 18.7  ms,  and  for  CF,  tones,  22.6  ms  (Table 
1). For  single-peaked  neurons  (Fig.  9B),  the  median  latency 
was 16.5  ms  (Table  2).  The  longer  latency  of multipeaked 
neurons  was statistically  significant  (P  =  0.005  1,  Mann- 
Whitney  U  test). 
Habituation  to  repetitive  tones 
For  neurons  in  which  CF,  tones  elicited  a long-latency 
response  (>25  ms),  the  response  to  higher  CF  tones  was 
more  subject  to  habituation  than  was the  shorter  latency 
CF,  response.  With  repetitive  stimulation  (l/s),  the  neuron 
threshold  to  the  CF,  tones  would  often  increase. 
Most  multipeaked  neurons  showed  some  habituation  to 
repetitive  presentation  of a constant  probe  tone.  Occasion- 
ally  this  could  result  in  an  inability  to  drive  the  neuron 
repeatedly.  The  inhibitory  characteristics  of the  neuron 
could  not  be determined  reliably  in  these  cases (5 neurons), 
because  the  applied  two-tone  paradigm  required  a large 
number  of  presentations  (675)  of  an  excitatory  (probe) 
tone.  Often  the  habituation  effect was more  subtly  recorded 
as an  increase  in  the  latency  to  the  constant  probe  tone, 
compared  with  the  latency  recorded  in  the  random  order 
single-tone  tuning  curve  (Fig.  12B). 
Two-tone  suppression 
Complete  two-tone  response  properties  were  obtained 
FIG.  9.  A:  histogram  of  latency  30  dB  above  threshold  for  each  individ-  for  14 multipeaked  neurons.  Two-tone  inhibition/suppres- 
ual  peak  within  multipeaked  single  neurons.  White  bars  correspond  to  sion  was defined  by  a  50%  reduction  of the  activity  gener- 
latencies  of  low-frequency  peaks,  stippled  bars  correspond  to  middle  ated  by the  probe  tone  alone  in  the  habituated  state.  When 
peaks,  and  black  bars  correspond  to  high-frequency  peaks.  B: histogram  of 
latency  30  dB  above  threshold  for  all  single-peaked  neurons.  C:  histogram 
the  habituated  rate  was less than  two  spikes  per  frequency- 
of  latency  difference  30  dB  above  each  individual  peak’s  threshold.  La-  amplitude  bin,  the  activity  was averaged  (weighted)  across 
tency  difference  =  high-frequency  peak  latency  -  low-frequency  latency.  nine  neighboring  frequency  and  amplitude  conditions  to 
Negative  values  correspond  to  a  longer  latency  for  the  low-frequency  peak.  assess  two-tone  suppression  properties.  Figure  10 shows the 
single-  (A  and  D)  and  two-tone  (B  and  E)  FRAs  of  two 
ever,  the  latencies  to  CF,  and  CF,  tones  approached  an  single  neurons.  For  each  neuron,  probe  tone  activity  was 
identical  minimum  latency  asymptote  at  high  intensities.  completely  eliminated  in  the  frequency-amplitude  region 
In  contrast,  the  latency  plots  shown  in  Fig.  8,  A  and  B,  between  the  peaks.  In  the  neuron  depicted  in  Fig.  IOE,  a 
remained  separated  and  parallel  at  all  tested  intensities.  low-frequency  inhibitory/suppressive  sideband  completely 
Some  neurons  had  similar  latencies  for  CF, and  CF,  over  a  eliminated  the  probe-tone-driven  activity,  whereas  in  the 
wide  range  of levels  (Fig.  8D).  For  this  neuron,  with  a peak  example  in  Fig.  1OB  only  a weak  low-frequency  suppres- 
separation  of 0.57  octave,  the  latency  was -  l-2  ms  shorter  sion  area is present.  The  low-frequency  suppression  area in 
for  CF,  than  for  CF,.  B  was confirmed  in  another  two-tone  FRA  under  the  same 
Of the  two  latency  measures,  minimum  latency  and  la-  conditions  with  finer  frequency  resolution  (not  shown). 1216  M.  L.  SUTTER  AND  C.  E.  SCHREINER 
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FIG.  10.  Single  tone  (A  and  0)  and  2- 
tone  (B  and  E)  FRAs  for  2  single  neurons. 
For  the  2-tone  FRAs,  a  CF  tone  (probe 
tone)  was  repeatedly  presented  to  drive 
background  activity.  A  2nd  masker  tone 
was  presented  for  the  675  different  fre- 
quency-amplitude  combinations  shown. 
A  reduction  of  the  background  activity  by 
50%  was  defined  as  sufficient  evidence  for 
suppression/inhibition.  C  and  F:  a  simpli- 
fied  tuning  curve  representation.  Out- 
lined,  nonfilled  areas  correspond  to  re- 
gions  of  excitation  from  the  single-tone 
FRA.  This  is  equivalent  to  the  excitatory 
frequency  tuning  curve  (FTC)  of  the  neu- 
ron.  Filled  circle  in  the  excitatory  FTC  sig- 
nifies  the  frequency  and  amplitude  of  the 
probe  tone.  Dark  shaded  areas  correspond 
to  inhibitory  regions  derived  from  the  2- 
tone  FRA.  C:  inhibitory  areas  were  deter- 
mined  from  the  2-tone  FRA  in  B  and  a 
2-tone  FRA  with  an  expanded  frequency 
range  (not  shown). 
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B  Of the  14  neurons with  two-tone  response  areas, 13 exhib- 
ited an upper and/or  lower suppressive sideband(s) outside 
the  excitatory  range.  Ten  (7 1.4%) neurons  showed inter- 
peak inhibition/suppression,  defined as an inhibitory/sup- 
pressive area located between two  excitatory  peaks. Some 
inhibitory  areas  seemed  to be carved out  of a broader excit- 
atory  area (Fig.  lo),  whereas other  inhibitory  areas  appear 
to be more classical  inhibitory  sidebands  (Figs. 10 and  11). 
Several neurons exhibited  relatively  complex  spectral prop- 
erties in  their  inhibition  (Figs.  10 and  11). These neurons 
could  display  multiple  high-  or  low-frequency  inhibitory 
bands (Fig.  11  C), sidebands  that  did not abut the excitatory 
area (Fig.  IOC),  or  highly  nonmonotonic  inhibition  (Fig. 
11, B and D).  At  high-intensity  levels, the neuron  shown in 
Fig.  1lB  had strong upper  and lower  sidebands  surround- 
ing a narrow  single-peaked excitatory  area; at lower intensi- 
ties, however,  inter-peak inhibition  was apparent,  resulting 
in  a multipeaked  excitatory  area. 
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Relation  of interpeak  latency  dlj&erences  to  CF  ratio  and 
inter-peak  inhibition 
The  latency  differences observed  between  responses  to 
CF  tones from  the  low-  and  high-frequency  peak  were 
found  to  relate  to  other  response properties  of  a neuron. 
Neurons with  a wider  separation  of  CF  peaks had longer 
latency  differences, favoring  the high-frequency  peak, than 
did  those neurons with  narrow  separation  of  peaks. Neu- 
rons with  a CF ratio  of 2 1.70 (n =  11) had a median latency 
difference  of  7.3 ms, i.e.,  the  high-frequency  peak had on 
the  average a longer  response latency.  Only  one  of  these 
neurons displayed a latency  difference  favoring  the low-fre- 
quency  peak. Neurons with  CF  ratios < 1.7 (n  =  13) had a 
Frequency  &Hi)  Frequency  &Hz) 
FIG.  1 1.  Frequency  tuning  curves  for  4  multipeaked  neurons  with  in- 
ter-peak  inhibition.  Dark  shaded  areas  represent  suppressor-y/inhibitory  re- 
gions.  Clear  outlined  areas  are  excitatory  regions.  Filled  circles  represent 
probe  tone  location. MULTIPEAKED  TUNING  CURVES  IN  CAT  AI  1217 
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FIG.  12.  Top:  tuning  curve  depicting  latency  facilitation.  Solid  out- 
lined  area  corresponds  to  the  single-tone  FTC  for  this  neuron.  Dashed 
outlined  area  around  I4-  15 kHz  corresponds  to  frequencies  and  ampli- 
tudes  of stimuli  that  elicited  response  latencies  between  9 and  21.5  ms. 
White  shaded  area  corresponds  to  frequencies  and  amplitudes  that elicited 
9-  to  2 I S-ms  latencies  in  the  2-tone  case with  the  probe  tone  at 9.6  kHz 
and 40 dB (0).  In the  2-tone  case the  intensity  threshold  for shortest latency 
responses (9-2  1.5 ms) of this neuron  decreases by 20  dB. Inhibitory  areas 
are  not  displayed  in  this plot  (see Fig.  IOC).  Bottom:  latency vs. level plot 
for  same  neuron.  Open  circles  with  a solid  line  depict  the  latencies  for  a 
9.6-kHz  tone.  Filled  circles  connected  by dotted  lines  depict  latencies  to 
14.7-kHz  tones.  Filled  triangles  connected  by stippled  lines  depict  the  la- 
tencies for the  2-tone  condition  (probe  9.6 kHz  at 40 dB, masker  14.7  kHz 
with  variable  intensities  corresponding  to  the  abscissa). Note  that  the  2- 
tone  case always elicits  a shorter  latency than  either  tone  presented  alone. 
Also  note  that  the  adapted  latency  (solid  line)  is >4  ms longer  than  the 
unadapted  tone  (9.6  kHz  at 40 dB). 
median  latency  difference  of  1.1  ms,  i.e.,  the  average  re- 
sponse  latency  was only  slightly  longer  for  CF,,  tones.  Six 
(46%)  of these neurons  had  latency  differences  favoring  the 
low-frequency  peak.  The  variation  in  mean  latency  differ- 
ences for  narrowly  and  broadly  separated  peaks  was statisti- 
cally  significant  (P  =  0.0059,  Mann-Whitney  U  test). 
The  presence  of inhibitory/suppressive  sidebands  might 
also relate  to the  observed  latency  differences.  The  four  neu- 
rons  that  displayed  no  interpeak  inhibition  had  latency  dif- 
ference  values  of 3.3,  10.0,  12.6,  and  16.2  ms  (mean  10.5 
ms).  The  mean  latency  difference  for  neurons  with  inter- 
peak  inhibition  (4.7  ms,  n =  10) was considerably  smaller. 
Two-tone enhancement 
Of  the  14  multipeaked  neurons  for  which  a two-tone 
FRA  was derived,  11 (78.6%)  displayed  areas with  relative 
enhancement  during  two-tone  stimulation.  These  addi- 
tional  responses  did  not  appear  or  were extremely  weak  in 
the  single-tone  FRA  but  were clearly  expressed  in  the  two- 
tone  response  area.  They  were  not  facilitatory  by  classic 
definition,  because the  combination  of tones  in  the partially 
habituated  state  of the  two-tone  paradigm  did  not  necessar- 
ily  drive  the  neurons  better  than  the  single  tone  alone  in  the 
unadapted  state  or  the  sum  of the  two  tones  in  the  adapted 
state.  The  applied  two-tone  paradigm  could  not  measure 
unadapted  response  without  an  extremely  long  interstimu- 
lus  interval  (>  10 s), and  consequently  long  recording  pe- 
riods  (~2  h)  would  be  needed  to  collect  a one-repetition 
FRA.  Instead,  response  regions  with  enhanced  activities 
were  identified  by  an  increase  in  the  adapted  probe-tone 
response  attributed  to  the  second  tone. 
Rather  than  displaying  an  increased  probability  of firing, 
the  responses  to  the  combined  tones  could  show a  de- 
creased  latency  compared  with  the  constant  tone  response 
in  the  adapted  state.  As the  intensity  of the  enhancing  tone 
increased,  the  latency  decreased  further  (Fig.  12). 
Enhancement  effects were not  restricted  to  multipeaked 
or  dorsal  area  neurons.  For  example,  a  neuron  from  the 
dorsal  third  of  AI  that  was  classified  as  single-peaked 
showed  two-tone  enhancement  in  a  separated  frequency 
area,  outside  the  normal  tuning  curve  (pure-tone  FRA  in 
Fig.  13A,  2-tone  FRA  in  Fig.  13B). The  outlined  region  in 
Fig.  13C  represents  the  single-tone  excitatory  tuning  curve. 
The  dark  area  represents  a low-frequency  suppressive  side- 
band;  and  the  white  areas  represent  regions  of  two-tone 
enhancement.  Many  neurons  (9/14)  displayed  a lowering 
of  the  threshold  of  the  nonprobe  frequency  on  two-tone 
stimulation  (Fig.  14). In  combination,  these  effects are sug- 
gestive  of integrative  or combination-sensitive  response  be- 
havior. 
Topography of tuning sharpness 
In  six of the  eight  experiments,  the  dorsoventral  extent  of 
AI  along  the  isofrequency  domain  was physiologically  char- 
acterized  to  provide  a common  reference  for recording  sites 
across animals.  The  reference  system  for the  topographical 
experiments  was based  on  the  observation  that  the  inte- 
grated  excitatory  bandwidth  of multiple-unit  tuning  curves 
changes  systematically  across  the  isofrequency  domain  of 
AI  (Schreiner  et al.  1988;  Schreiner  and  Mendelson  1990). 
The  dorsoventral  alignment  of the  recording  sites  roughly 
approximated  the  orientation  of isofrequency  contours.  In 
those  cases where  the  isofrequency  lines  were not  perfectly 1218  M.  L.  SUTTER  AND  C.  E.  SCHREINER 
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FIG.  13.  Single-tone  (A)  and  2-tone  (B)  FRAs  for  a neuron  that  shows 2-tone  enhancement.  C: tuning  curve  representa- 
tion.  White  shaded  area  corresponds  to  regions  with  enhanced  responses. Dark  shaded  area  corresponds  to  the  inhibitory 
region.  Outlined  area  with  no fill  corresponds  to  the  excitatory  FTC.  Dark  circle  corresponds  to  the  probe  tone  (5.5  kHz,  20 
dB).  At  SO  dB  the  masker  tone  suppressed  responses ranging  from  -2.0  to  4.0  kHz  and  enhanced  responses from  8.5 to  12 
and  from  15.0 to  18.0 kHz.  The  criterion  to  determine  the  enhanced  region  was conservative  (200%  of the  adapted  rate)  and 
thus  excluded  some  regions  that  might  reflect enhancement  effects. 
aligned  with  these  coordinates,  the  distance  relative  to  a 
rotated  coordinate  system  was measured.  The  necessary ro- 
tation  angle  did  not  exceed  20”. 
In  all  six  topographical  maps,  the  maximum  Q-values 
were near  the  approximate  dorsoventral  center  of AI.  Fig- 
ure  15 shows a representative  example  of the  distributions 
of QIo dB and  QbO  dB along  an  isofrequency  contour  of  -7 
kHz  in  the  primary  auditory  cortex.  The  locations  of the 
penetration  sites relative  to  sulcal  pattern  for these  Q-maps 
are  represented  as black  points  in  Fig.  16B.  The  numbers 
along  the  curves in  Fig.  154  correspond  to the  multiple-unit 
tuning  curves indicated  in  Fig.  15B.  The  AI/AI1  border  was 
indicated  by  abrupt  changes  in  CF  topography,  threshold, 
and/or  QmdB  value  (Schreiner  and  Cynader  1984). 
To  aid  in  defining  the  spatial  location  of Q4,, dB and  Q,,, dB 
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FIG.  14.  Tuning  curves for 2 neurons  that  displayed  lowering  ofthresh- 
olds  in  2-tone  cases.  Black  outlines  depict  single-tone  FTC;  white  shading 
depicts  2-tone  facilitatory  regions.  Inhibition  is not  depicted  in  this graph. 
Black  dots indicate  frequency and amplitude  ofprobe  tone.  Note  the  lower 
threshold  of 3 of the  enhanced  response  regions. 
maxima,  a fifth-order  polynomial  curve  was fit  to  the  data 
points  (Fig.  154,  stippled  curve).  The  location  of the  maxi- 
mum  of the  Q-values  (Q-max)  was defined  as the  average  of 
the  locations  of the  individual  Q4,,dB  and  Qlods  maxima; 
this  maximum  was 3.6  mm  from  the  most  dorsal  recording 
site  in  Fig.  15. The  AI/AI1  border  was ~2.5  mm  from  the 
Q-max  in  those  cases in  which  the border  could  be unequiv- 
ocally  identified.  Auditory  responses  were encountered  up 
to  4 mm  dorsal  to  the  Q-max  in  AI. 
In  the  area  of  AI,  more  than  -2  mm  dorsal  to  the  Q- 
max,  isofrequency  contours  turned  more  caudally  and  mul- 
tiple-unit  recordings  were more  broadly  tuned  than  in  the 
center  of AI.  In  this  region,  responses were often  best driven 
by  binaural  stimulation.  Neuron  clusters  often  responded 
best  to  white  noise  and  responded  with  longer  latencies 
than  classic  AI  (up  to  45  ms  longer).  Whereas  the  majority 
of multiple-unit  recordings  in  this  area displayed  these prop- 
erties,  short-latency  and  sharply  tuned  neuron  clusters  were 
occasionally  encountered.  Additionally,  multiple-unit  clus- 
ters  that  were inhibited  by  the  ipsilateral  ear  also  could  be 
found  in  this  dorsal  region  of AI. 
Topography  of multipeaked  neurons 
Multipeaked  neurons  were topographically  restricted  to 
the  more  dorsal  regions  of AI  (Figs.  16 and  17). That  dor- 
sally  located  neurons  were  more  likely  to  be  multipeaked 
than  ventrally  located  neurons  was apparent  in  each individ- 
ual  experiment.  The  locations  of recording  sites relative  to 
the  sulcal  pattern  and  Q-max  for  two representative  experi- 
ments  are  shown  in  Fig.  16.  Pooling  topographical  data 
across animals  raised  several  problems.  Dorsal  and  ventral 
anatomic  landmarks  were  not  consistent  across  animals. 
The  AI/AI1  border  alone  is not  a reliable  reference,  because 
the  dorsoventral  extent  of AI  is highly  variable,  with  lengths MULTIPEAKED  TUNING  CURVES  IN  CAT  AI  1219 
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FIG.  15.  Demonstration  of  the  gradient  in  sharpness  of  tuning  (Q-map)  in  AI  of  1 representative  animal.  A:  plot  of  Qlo  dB 
and  QdO  dB vs.  location.  Zero  millimeters  corresponds  to  the  most  dorsal,  acoustically  driven  recording  site.  Vertically  stippled 
curves  show  Sth-order  polynomial  fits  to  the  data  points.  Dashed  lines  correspond  to  position  of  the  maximum  of  this  fit. 
Numbers  with  arrows  indicate  tuning  curves  shown  in  B. B: tuning  curves  from  selected  data  points  in  A.  Numbers  top  Z@ 
corners  of  tuning  curves  correspond  to  the  numbers  of  the  points  in  A.  Low  numbers  (l-3)  correspond  to  dorsal  multiple 
units  and  high  numbers  (7-8)  correspond  to  ventral  units.  All  tuning  curves  are  plotted  on  the  same  frequency  and  amplitude 
scale. 
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FIG.  16.  Graph  showing  location  of  re- 
cording  sites  for  2  representative  exam- 
ples.  Multipeaked  single-neuron  locations 
are  represented  by  an  X.  Black  dots  repre- 
sent  multiple-unit  penetration  sites  for  re- 
cording  Q-maps.  Open  circles  represent 
locations  of  single-peaked  single  neuron  re- 
cordings.  A:  location  of  the  multipeaked 
neuron  was  the  same  as  that  for  a  single 
neuron.  The  2  symbols  are  offset  to  aid  in 
visualization.  SSS,  suprasylvian  sulcus; 
PES,  posterior  ectosylvian  sulcus;  AES,  an- 
terior  ectosylvian  sulcus;  AI,  primary  audi- 
tory  cortex;  AII,  secondary  auditory  cor- 
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FIG.  17.  Histogram  showing  locations  of single-  (n  =  57)  and  multi- 
peaked  neurons  (n  =  10) pooled  across animals.  Zero  millimeters  was the 
common  reference  point  for  pooling  across animals,  corresponding  to  the 
location  of the  Q-map  maximum  for  each  animal.  Negative  values were 
located  ventral  to  the  center  and  positive  values were  dorsal  to  the  center. 
Stippled  bars show  distribution  of single-peaked  neurons;  black  bars show 
the  distribution  of multipeaked  neurons. 
from  4 to  7  mm  (Reale  and  Imig  1980).  Similarly,  sulcal 
patterns  were not  used because  previous  studies  had  found 
that  sulcal  patterns  in  the  auditory  cortex  vary  greatly 
among  individual  cats (Kawamura  197 1; Merzenich  et al. 
1975;  Reale  and  Imig  1980). 
To  avoid  these  problems  with  the  anatomic  localization 
of  recording  sites,  a  physiological  characterization  of  the 
dorsoventral  domain  of AI  was used as a common  frame  of 
reference  for  pooling  data.  The  multiple-unit  Qlo  dB and 
QaodB  gradients  across  AI  were  used  as the  physiological 
criteria.  Data  were  pooled  across  animals  by  aligning  the 
Q-max  of the  individual  cases. Although  the  dorsoventral 
extent  of the  observed  Q-gradients  varied  over  several  milli- 
meters,  normalizing  the  length  of the  pooled  maps  was not 
necessary  to  identify  the  topographical  domain  of  multi- 
peaked  single  neurons. 
All  multipeaked  neurons  were located  dorsal  to  the  most 
sharply  tuned  part  of  AI,  and  all  but  one  were  >2  mm 
dorsal  to this  central  landmark  (Fig.  17). When  the extent  of 
AI  was divided  into  three  regions-the  central  2 mm  (from 
-  1  .O to  1  .O mm  in  Fig.  17), dorsal,  and  ventral-all  but  one 
multipeaked  neuron  fell  in  the  dorsal  region.  Thirty-five 
percent  of the  neurons  in  the  dorsal  region  were  multi- 
peaked;  3% of the  neurons  in  the  central  region  were multi- 
peaked;  none  of the  neurons  in  the  ventral  portion  were 
multipeaked.  It  is  concluded  that  neurons  with  multi- 
peaked  tuning  curves  form  a functionally  distinct  subpopu- 
lation  in  the  dorsal  third  of AI. 
DISCUSSION 
Most  neurons  in  the  peripheral  and  central  auditory  sys- 
tem  have  a single,  clearly  definable  frequency  with  the  low- 
est  response  threshold,  the  CF.  In  contrast,  multipeaked 
neurons  with  two  or  more  response  threshold  minima  of 
similar  value,  separated  by  frequencies  with  substantially 
higher  thresholds,  were recorded  in  the  dorsal  aspect  of AI. 
The  existence  of multipeaked  neurons  in  the  auditory  cor- 
tex of bats (Suga  et al.  1979,  1983;  Suga  and  Tsuzuki  1985) 
and  cats (Abeles  and  Goldstein  1970,  1972;  Goldstein  et al. 
1968;  Oonishi  and  Katsuki  1965)  has been  demonstrated 
previously.  This  study  was performed  to  examine  in  more 
detail  the  physiological  properties  and  spatial  distribution 
of multipeaked  single  neurons  in  the  AI  of cats. 
Among  the  main  findings  reported  here  are  1) the  fre- 
quency  separation  of the  multiple  CF peaks  was usually  <  1 
octave;  2) the  median  ratio  between  the  highest  and  lowest 
CF  peak  was 1.56,  which  roughly  corresponds  to  a second 
and  third  harmonic  of a fundamental  frequency  that  itself  is 
not  excitatory  to the  neurons;  3) multipeaked  neurons  gen- 
erally  had  longer  latencies  than  single-peaked  neurons;  4) 
latencies  between  peaks  within  the  same  neuron  were 
highly  variable,  with  the  higher  frequency  peak  most  often 
having  a  longer  latency;  5)  the  bandwidth  of  individual 
peaks  of multipeaked  neurons  was similar  to that  of single- 
peaked  neurons;  6) two-tone  suppression/inhibition  was of- 
ten  observed  between  the  peaks;  and  7)  areas  of response 
enhancement,  defined  by  a two-tone  paradigm,  were often 
systematically  related  to  the  multipeaked  frequency  re- 
sponse  area  as obtained  for  a single  tone.  All  of the  multi- 
peaked  neurons  were found  in  the  dorsal  aspect  of AI,  as 
defined  relative  to  the  spatial  distribution  in  sharpness  of 
multiple-unit  tuning  curves.  Multipeaked  neurons  were in- 
terspersed  with  single-peaked  neurons,  thus  providing  fur- 
ther  evidence  for  a  functional  and  spatial  segregation  of 
response  characteristics  within  AI.  Before  discussing  possi- 
ble  functional  implications  of multipeaked  neurons  in  the 
cat,  however,  we should  assess  the  physiological  validity  of 
the  multipeaked  frequency  response  areas  obtained  in  this 
study. 
Validity  ofmultipeaked  response  areas 
Four  arguments  support  the  interpretation  that  the  mul- 
tipeaked  neurons  seen in  this  study  are  not  an  artifact,  e.g., 
created  by  the  frequency  transfer  function  of the  sound  de- 
livery  system.  First,  calibration  of the  system  revealed  fre- 
quency-dependent  amplitude  variations  not  larger  than  t6 
dB.  This  should  result  in  “indentations”  in  FTCs  of  not 
>  12 dB.  Threshold  increases  observed  between  neighbor- 
ing  frequency  peaks  were, in  almost  all  cases, >30-40  dB. 
Second,  the  minimum  threshold  distribution  of  the  ob- 
tained  multipeaked  CFs  did  not  differ  from  the  threshold 
distribution  of single-peaked  neurons  and  did  not  show a 
strong  frequency  dependence.  Third,  in  several  cases single- 
peaked  neurons  were recorded  that  had  a low-threshold  CF 
that  fit  into  the  gap  between  excitatory  bands  of a nearby 
recorded  multipeaked  neuron.  Fourth,  although  the  har- 
monic  distortion  product  for  a tone  was 255  dB  below  the 
primary  (depending  on  the  sampling  rate  of the  output  sig- 
nal  and  the  setting  of the  antialiasing  low-pass  filter),  the 
usually  small  threshold  difference  between  peaks  essentially 
rules  out  this  source  of artifact  in  the  generation  of multi- 
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higher  than  the  minimum  threshold  of a neuron  were  disre- 
garded  for  this  analysis. 
The  strict  criteria  applied  to  rule  out  a sound  system  arti- 
fact  might  have  caused  us  to  underestimate  the  number  of 
multipeaked  neurons.  Several  cells  were  rejected  because  of 
the  criterion  that  the  thresholds  of  the  peaks  had  to  be 
within  40  dB  of  each  other,  including  one  neuron  in  the 
ventral  part  of  AI. 
Consistency  of FM  measurements  . 
Because  the  reported  results  are  based  on  FRAs  obtained 
with  only  a few  repetitions  of  a large  number  of  signal  con- 
ditions,  some  discussion  of  the  robustness  of  the  method  is 
in  order.  It  should  be noted  that  a similar  method  has  been 
used  in  the  inferior  colliculus  (Caird  and  Klinke  1987)  and 
that  the  method  is  similar  to  the  repeated  raster  frequency 
scan  method  used  by  several  other  cortical  investigators 
(Funkenstein  and  Winter  1973;  Goldstein  et  al.  1968;  Pel- 
leg-Toiba  and  Wollberg  1989;  Wollberg  and  Newman 
1972).  The  FRA  method  in this  study  uses  a pseudorandom 
order  of  presenting  frequencies,  whereas  the  earlier  raster 
methods  present  frequencies  in  ascending  order.  The  re- 
sponse  variability  of  our  method  is  similar  to  that  observed 
with  the  repeated  raster  method  (Goldstein  and  Abeles 
1975). 
Temporal  variation  in  neuronal  responsiveness  com- 
bined  with  the  use  of  one  presentation  for  each  frequency- 
level combination  introduced  a slight  variation  in the quan- 
titative  parameters  extracted  from  the  FRAs.  Table  3 shows 
the variation  of the  measures  for  all 13 peaks  in which  catch 
trials  were  performed  after  a full  battery  of tests  were  run  on 
the  neuron.  This  assessment  of  measurement  variability 
can  be  considered  an  exaggeration  for  two  reasons:  1) the 
second  measure  was  performed  after  extensive  two-tone 
testing,  and  thus  the  responsiveness  of  the  neurons  could 
have  changed  because  of  675-2,025  presentations  of  the 
probe  tone  and/or  the  passing  of  l-2  h;  and  2)  unlike  the 
first  measurement,  which  was  repeated  until  a well-defined 
FRA  was  obtained,  the  second  measurement  was  only  per- 
formed  once,  even  if more  repetitions  were  needed  to  com- 
pletely  define  the  FRA.  Even  this  overestimated  variability 
should  have  little  effect  on  the  presented  results,  however. 
Variability  did  not  shift  mean  values  but  could  only  slightly 
increase  the  variance  of  distributions. 
When  a unit’s  responsiveness  was  weak,  the  FRA  re- 
sponse  method  was  repeated  until  a well-defined  FRA  was 
TABLE  3.  Repeated  measures  of response  consistency*  . 
For  Peaks  Tested? 
Difference+ 
Range  Mean  +  SD  Mean  +  SD 
Characteristic  frequency, 
kHz  4.7-l  5.9  8.30  I!x 3.13  -0.09  -t  0.27 
Threshold,  dB  O-30  7.00  -t  8.62  1.15  &  6.18 
Bandwidth, 
octaves  0.06-0.76  0.33  I!I 0.20  -0.05  k  0.13 
Latency,  ms  12.1-40.1  20.00  -t  6.76  -0.68  +  1.77 
*  Trial  1 was  normal  data.  Trial  2  occurred  after  all  batteries  of  tests  were 
performed.  N  =  13  neurons.  -/Values  for  all  26  (pre  and  post)  trials.  $Dif- 
ference  =  (trial  2  value)  -  (trial  1 value). 
obtained.  One neuron  required  five  repetitions  of the com- 
plete tone sequence.  Additionally,  when a multipeaked  neu- 
ron  displayed  narrow  frequency  separation  (Fig.  lOD),  an 
additional  FRA  was recorded to verify  the separation of the 
peaks. 
Advantages  of  the  employed  pseudorandom  signal pre- 
sentation,  such as many  frequency-amplitude  combina- 
tions and a potential  decrease  in habituation,  are traded  off 
against few presentations per stimulus condition.  The effec- 
tive  number  of  presentations was increased by  smoothing 
algorithms that  incorporated  very  similar signal conditions 
into  the response  estimate of a given frequency-level  combi- 
nation.  Nine-point  weighted averaging increased the num- 
ber  of  effective  presentations per point  by  2.5-fold  at  the 
expense  of  some frequency  resolution  (<  1 neighbor  or 
0.067 octave  per side). Similarly,  six-point  averaging of la- 
tency  calculations allowed us to increase the effective  num- 
ber of stimulus presentations for this method sixfold,  at the 
expense of  5 dB  of amplitude  resolution. 
Interpretation  of simultaneous  two-tone  paradigm 
Because most neurons in the primary  auditory  cortex  of 
the pentobarbital-anesthetized  cat display  only  low levels of 
spontaneous discharges, measuring  inhibitory  effects re- 
quires elevating the neuronal activity  with  a probe stimulus 
and observing the influence  of a second signal on that activ- 
ity.  Traditionally,  a CF probe tone  is used in the two-tone 
paradigm,  either  following  (forward  masking)  or  concur- 
rent  (simultaneous  masking)  with  a  second  variable 
(masker) tone.  Inhibition/suppression  is said to be present 
when  the  masker tone  reduces the  response to  the  probe 
tone below the response  generated by  the probe alone. 
Both  forward  and simultaneous masking are limited  in 
determining  the origin of inhibition/suppression.  For simul- 
taneous masking paradigms, mechanical effects at the level 
of  the  basilar  membrane  result  in  two-tone  suppression 
(Rhode  1977) that  is projected  into  the  central  auditory 
system. In  addition,  neural inhibition  originating  from  all 
intervening  stations of  the  auditory  pathway  may  be re- 
flected in the cortical  response. 
The  interpretation  of  the  origin  of  inhibition  obtained 
with  forward  masking  is also hampered  by  several con- 
straints, including  effects of adaptation,  habituation,  dura- 
tion  of inhibition,  and influences from  offset responses.  For 
this initial  study,  we chose to  examine  inhibition  and  en- 
hancement  to  stimuli  with  temporal  overlap,  common  in 
both  communication  and localization  cues. In this investi- 
gation,  we were not  concerned with  determining  the origin 
of the inhibition  or facilitation,  because  neither  physiologi- 
cal method,  on its own,  can be used to study  cortical  effects 
in isolation. 
Percentage  of multipeaked  neurons  encountered  in  AI 
Most  investigators of cat auditory  cortices have reported 
the presence of multipeaked  neurons (Abeles and Goldstein 
1970,  1972;  deRibaupierre  et  al.  1972; Goldstein  et  al. 
1968; Oonishi and Katsuki  1965; Phillips and Irvine  198 1; 
Reale and Imig  1980). The rate of occurrence  varies, how- 
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(Oonishi  and  Katsuki  1965)  of the  recorded  samples.  On 
the  basis  of our  results,  the  discrepancies  between  the  per- 
centage  of multipeaked  neurons  found  in  different  studies 
could  be  largely  attributed  to  the  location  of  sampled  re- 
gions  of the  auditory  cortex.  Many  early  recordings  may 
have  included  areas  now  believed  to  be  outside  of  AI, 
whereas  more  recently  the  dorsal  region  of  AI  may  have 
been  undersampled,  because  some  of the  response  charac- 
teristics  do  not  parallel  classic  AI  properties. 
Multiple  unit  mapping  experiments  of the  frequency  or- 
ganization  of the  auditory  cortex  (Merzenich  et  al.  1975; 
Reale  and  Imig  1980)  have  established  the  unreliability  of 
anatomic  landmarks  for  the  localization  of AI,  and  have, 
instead,  suggested  that  strict  physiological  criteria  (e.g.,  a 
reversal  in  the  CF gradient)  be used for the  determination  of 
the  rostra1  and  caudal  boundaries  of AI.  In  contrast,  simi- 
larly  unequivocal  physiological  criteria  for  the  ventral  and 
dorsal  boundaries  of AI  have  not  been  developed.  Recent 
studies  that  examined  in  more  detail  dorsal  and  ventral  por- 
tions  of AI  (Mendelson  et al.  1988;  Middlebrooks  and  Zook 
1983;  Schreiner  and  Cynader  1984;  Schreiner  and  Mendel- 
son  1990)  have  described  several  physiological  characteris- 
tics  that,  when  taken  together,  may  serve that  purpose.  A 
common  observation  of these  studies  is that  classic physio- 
logical  characteristics  of AI,  i.e.,  strict  cochleotopic  organi- 
zation,  sharp tuning,  and  short  latencies,  gradually  give way 
to  less  strict  cochleotopic  organization,  broader  tuning 
curves,  and  longer  latency  responses  in  the  dorsal  and  ven- 
tral  regions  of  AI.  The  lack  of a  precise  definition  of  the 
dorsoventral  extent  of AI  may  have  led  to  over-conserva- 
tive  estimates  of the  physiologically-defined  extent  of AI, 
confining  it  to  the  more  sharply  tuned,  shorter  latency  ar- 
eas, and  excluding  any  region  with  more  diverse  response 
patterns  at  the  margins  of AI. 
Properties  of dorsal  AI 
The  multi-unit  mapping  performed  in  the  current  study 
confirmed  most  of the  findings  of previous  studies  regard- 
ing  the  physiology  of the  most  dorsal  region  of AI.  Middle- 
brooks  and  Zook  (1983)  refer  to  this  region  as “the  dorsal 
zone  of AI”  (DZ).  These  authors  showed  that  DZ  ranges 
from  -  1 to  2  mm  in  dorsoventral  extent.  Whether  this 
region  should  be  considered  a  separate  cortical  area  or  a 
part  of AI,  however,  has not  been  resolved.  The  progression 
of physiological  properties  toward  this  region  (Schreiner  et 
al.  1988; Schreiner  and  Mendelson  1990) appears to be grad- 
ual  over  several  millimeters.  Anatomic  evidence  shows that 
the  projections  from  medial  geniculate  body  to  DZ  overlap 
with  those  to  AI  (Middlebrooks  and  Zook  1983)  and  may 
also  be gradual  over  a few millimeters  (Brandner  and  Re- 
dies  1990).  Cytoarchitectural  characteristics  attributable  to 
DZ  gradually  change  over  a  transitional  area  of  >  1 mm 
(Winer  1984).  The  relatively  small  size of DZ  and  the  con- 
tinuance  of weaker  CF  topography  indicate  that  this  region 
may  be  a transitional  zone  between  AI  and  other  auditory 
areas  within  the  suprasylvian  sulcus.  On  the  basis  of  the 
physiological  organization  of the  ectosylvian  gyrus,  we can- 
not  unequivocally  state  whether  this  region  should  or 
should  not  be considered  part  of AI.  For  the  purposes  of this 
paper  we consider  it  part  of  AI,  because  no  clear,  sharp, 
functional  border  was evident  separating  it  from  classic AI. 
Experiments  performed  in  the  current  study  included  re- 
cordings  from  DZ;  however,  not  all  of the  multipeaked  neu- 
rons  encountered  were from  that  area.  The  probability  of 
encountering  a multipeaked  neuron  seems to increase  grad- 
ually  toward  the  dorsal  third  of AI  and  beyond,  mirroring 
the  decrease  in  the  sharpness-of-tuning  gradient  (Schreiner 
et  al.  1988;  Schreiner  and  Mendelson  1990). 
Consistent  with  the  findings  of  earlier  studies  (Middle- 
brooks  and  Zook  1983;  Reale  and  Imig  1980),  the  present 
study  revealed  that  isofrequency  lines  turned  caudally,  and 
multi-unit  recordings  were  broadly  tuned  and  often  best 
driven  by  binaural  stimuli  in  the  dorsal  area  of  AI.  Re- 
sponse  latencies  of multiple-unit  clusters  were often  longer 
than  those  of neurons  in  the  center  of AI,  consistent  with 
previous  observations  (Schreiner  et al.  1988).  The  shortest 
latencies  were similar  to  the  shortest  latencies  in  the  rest of 
AI,  but  the  longest  latencies  could  be longer  by  as much  as 
40  ms. 
In  the  present  study,  dorsally  located  neuron  clusters  of- 
ten  gave  better  responses  to  white  noise  than  to  tones.  In 
general,  the  single  neuron  topography  roughly  corrobo- 
rated  the  multiple-unit  results;  however,  some  of the  neu- 
rons  in  dorsal  AI  that  were  not  multipeaked  were  more 
narrowly  tuned  than  the  unit  clusters. 
In  addition  to  those  mentioned  above,  several  other  fac- 
tors  can  lead  to  sampling  bias  against  recording  neurons  in 
the  most  dorsal  regions  of AI.  The  CF  topography  of this 
region  is weakly  defined  and  the  neurons  in  this  area  are 
often  difficult  to  drive  with  monaural  contralateral  tones. 
They  generally  have  little  or  no  spontaneous  activity  under 
pentobarbital,  and  thus  cannot  be  found  without  a search 
stimulus;  however,  they  are very susceptible  to habituation, 
or  possibly  affected  by  anesthesia,  and  are difficult  to  drive 
repeatedly  (sometimes  even  at  a  rate  of  1 repetition/3  s). 
Last,  some  penetrations  in  dorsal  AI  could  not  produce  an 
auditory-evoked  response,  even  with  multiple  unit  record- 
ing.  This  was especially  the  case closer  to  the  dorsal  end  of 
the  ectosylvian  gyrus. 
Characteristics  of  multipeaked  neurons 
The  current  description  of properties  of multipeaked  neu- 
rons  are  in  close  agreement  with  the  earlier  descriptions 
given  by  Abeles  and  Goldstein  (1970,  1972).  Although 
these  authors  did  not  analyze  the  CF  ratios  of peaks,  their 
graphs  reveal  that  most  of their  best  frequency  ratios  were 
between  1 and  2, in  close agreement  with  the data  presented 
in  this  paper.  In  addition,  they  reported  the  existence  of 
inhibitory  regions  between  the  multipeaks.  The  current 
data  differ  substantially  from  the  properties  of multipeaked 
neurons  reported  by  Oonishi  and  Katsuki  (1965).  They 
found  most  CF  ratios  of the  peaks  to  be  between  2  and  3 
and  reported  only  weak  and  occasional  inhibition  in  multi- 
peaked  neurons.  The  most  probable  cause for  the  discrep- 
ancy  between  these studies  is the  difference  in  the  definition 
of AI  and  hence  a difference  of recording  locations,  possibly 
including  the  anterior  auditory  fields  (see Fig.  5 of Oonishi 
and  Katsuki  1965). 
Comparison  with  bat  studies 
A  similar  organization  to  that  described  in  this  paper  has 
been  demonstrated  in  the  bat’s  auditory  cortex,  which  has MULTIPEAKED  TUNING  CURVES  IN  CAT  AI  1223 
single-peaked  tuning  curves  for the  majority  of AI  neurons. 
AI  is  surrounded  dorsally  by  several  physiologically  and 
functionally  distinct  areas.  One  of these,  the  CF/CF  area, 
contains  multipeaked  tuning  curves  (Suga  et  al.  1979, 
1983).  Although  those  neurons  have functional  characteris- 
tics related  to  the  bat’s  echolocation  sounds,  several  physio- 
logical  properties  are similar  to those  of the  cat, described  in 
this  paper.  The  multipeaked  CF/CF  area  neurons  display 
more  habituation  than  neurons  in  other  bat  auditory  corti- 
cal  areas.  The  higher  frequency  peak  of CF/CF  neurons  is 
usually  more  sharply  tuned  to  frequency  than  the  low fre- 
quency  peak.  On  two-tone  stimulation,  the intensity  thresh- 
old  of CF/CF  neurons  for  the  second  (nonprobe  tone)  fre- 
quency  range  lowers  and  the  response  latency  shortens. 
More  recently,  Suga  and  Tsuzuki  (1985)  have  demon- 
strated  that  inhibition  is clearly  and  consistently  expressed 
between  the  peaks. 
One  important  property  of bat  CF/CF  neurons  has not 
been  explicitly  tested  in  cats: facilitation/combination  selec- 
tivity.  Bat CF/CF  neurons  demonstrate  clear two-tone  facili- 
tation.  Responses  to  two-tone  combinations,  where  the 
tones  are at the  CFs of the peaks,  are greater  than  the  sum  of 
the  response  to  the  two  tones  alone.  Although  two-tone  re- 
sponses were  obtained  in  this  study,  the  cat  data  failed  to 
confirm  (or  reject)  the  presence  of clear  facilitation  in  cats. 
Among  possible  reasons  for  the  absence  of clear  two-tone 
facilitation  in  this  study  are the  status  of anesthesia  and  the 
lack  of use of different  temporal  relationships  between  the 
two  tones.  This  study  does  find  two-tone  enhancement 
above  the  rate  of the  probe  tone  presented  alone,  however, 
suggesting  at least  the  potential  presence  of facilitation. 
Several  differences  between  cat and  bat  multipeaked  neu- 
rons  might  be  accounted  for  by  species-specific  auditory 
system  adaptations  to  magnify  cortically  the  representation 
of the  bat’s  biosonar  signal.  Suga and  colleagues’s  CF ratios 
for  multipeaked  neurons  were  usually  2.0  and  3.0,  with 
very  few neurons  containing  CF  ratios  of  1.5  (CF3/CF2 
neurons).  This  adaptation  for  harmonic  responses  results 
from  the  roles  of CF/CF  neurons  in  coding  Doppler  shift 
magnitude  (for  more  details  see Suga  et  al.  1983;  Suga 
1989).  They  did  not  report  in  detail  single-tone  latencies  of 
each peak  because the  latencies  were long  and  inconsistent; 
however,  they  report  that  many  CF/CF  neurons  were 
broadly  tuned  to  the  temporal  presentation  of the  two  fre- 
quencies. 
From  the  properties  of multipeaked  tuning  curves  in  cats 
and  bats,  several  general  hypotheses  may  be posited  regard- 
ing  response  properties  of multipeaked  neurons  in  regions 
of mammalian  cortex:  I)  most  multipeaked  neurons  dis- 
play  more  habituation  and  longer  latencies  to  tones  than 
classic AI  cells,  2) responsiveness  within  a multipeaked  neu- 
ron  is facilitated  or  enhanced  by  two-tone  stimuli  with  en- 
ergy  restricted  to  the  peaks  (this  facilitation  can  be  ex- 
pressed as an increase  in  firing  rate,  a lowering  of the  peak 
intensity  threshold,  or a shortening  of response  latency  and 
is often  nonmonotonic),  3) bandwidth  sharpening  may  oc- 
cur between  the  peaks  by inhibitory  processes, and  4)  these 
multipeaked  neurons  are  topographically  restricted  to  an 
area  adjacent  to  classic  AI.  In  the  cat  this  region  at  least 
partially  overlaps  with  dorsal  AI,  paralleling  the  general 
spatial  location  of multipeaked  neurons  seen in  bats. 
On  the  basis  of bat  behavior,  two  more  speculative  hy- 
potheses  can be made  that  require  further  studies  in  the  cat: 
5)  the  bandwidths  between  the  peaks  can  vary  over  a wide 
range  and  probably  relate  to  the  sound  signals  being  ana- 
lyzed  by the  auditory  system,  and  6) temporal  relationships 
between  peaks  are systematic  and  probably  reflect  temporal 
relationships  of  the  signals  being  analyzed.  Last,  if  these 
hypotheses  reflect  general  mammalian  features,  one  must 
explore  whether  in  other  mammals-in  which  AI  isofre- 
quency  lines  are not  oriented  in  the  dorsoventral  dimension 
-a  multipeaked  region  abuts  AI  in  a way  that  systemati- 
cally  relates  to  physiology. 
Hypotheses  5 and  6 cannot  be proven  until  combination- 
selectivity  to  behaviorally  useful  stimuli  is demonstrated  in 
multipeaked  neurons  in  the  cat.  Pure-tone  physiological 
properties  that  might  relate  to  appropriate  stimulus  combi- 
nations  include  latency  differences  and  frequency  separa- 
tion  of responses  to  CF, and  CF,  tones.  In  the  remainder  of 
this  section,  we  will  elaborate  on  interpretational  limita- 
tions  of these  recorded  physiological  properties  and  discuss 
how  these  single-tone  properties  might  relate  to  a func- 
tional  role  for  multipeaked  neurons. 
Latency  d&Cerences an 
multipeaked  neurons 
d input  source  of 
CF,  tones  usually  elicited  longer  latency  responses  than 
CF,  tones.  These  latency  differences  must  be  generated  by 
mechanisms  other  than  travel  time  differences  on  the  basi- 
lar  membrane  because  delays  initiated  by  travel  along  the 
basilar  membrane  result  in  longer  latency  responses  for 
low-frequency  tones.  Additionally,  it  has  been  observed 
that  habituation  effects  differentially  affect  CF,  and  CF, 
tones.  Longer  latency  CF,  tones  habituate  more  strongly 
than  CF, tones.  The  latency  and  habituation  differences  be- 
tween  the  responses  to  CF  tones  of the  different  peaks  can 
be  explained  by  either  inhibitory  effects or  differential  in- 
put.  An  inhibitory  region  (possibly  interpeak  inhibition) 
that  overlaps  the  excitatory  area of the  high-frequency  peak 
on  the  FTC  could  increase  habituation  and  the  response 
latency  to  tones  with  frequencies  in  the  overlapping  area. 
These  influences  may  be  exaggerated  by  the  use of pento- 
barbital,  which  can  enhance  inhibitory  effects. 
Alternatively,  frequency-selective  differences  in  latency 
and  habituation  could  be  explained  by  convergent  input 
from  two  different  populations  of  neurons.  The  high-fre- 
quency  input  could  conceivably  come  from  a pathway  that 
includes  more  synapses than  the  pathway  that  supplies  in- 
put  to  the  low-frequency  peak.  Pentobarbital  might  differ- 
entially  affect the  two  pathways. 
This  study  provides  evidence  that  both  mechanisms  may 
be  involved  in  generating  multipeaked  FRAs.  Inhibition  is 
often  prominent  between  peaks,  which  argues  in  favor  of 
dividing  the  excitatory  input  into  segregated  response  areas. 
Interpeak  inhibition,  however,  was only  observed  in  10 of 
14  tested  multipeaked  neurons.  Latency  and  habituation 
effects can  argue  for  either  hypothesis.  Both  multiple  excit- 
atory  input  and  central  inhibitory  input  are  probably  in- 
volved  in  the  formation  of  multipeaked  neurons.  Appar- 
ently  there  are two  extremes  of involvement.  Some  multi- 
peaked  neurons  display  wide  separation  of peaks,  little  or 
no  interpeak  inhibition,  and  large  latency  differences,  sug- 
gesting  that  multiple  inputs  are expressed.  In  contrast,  some 1224  M.  L.  SUTTER  AND  C.  E.  SCHREINER 
neurons  have narrowly  spaced peaks,  strong  interpeak  inhi- 
bition,  and  similar  latencies,  suggesting  that  inhibitory 
splitting  of  the  FRA  is  involved.  Which  subcortical  and 
cortical  processes are  involved  has yet  to  be determined. 
Relation  to spectral  properties  of naturally  occurring  sounds 
Although  the purpose  of this  paper  is to describe  the  phys- 
iological  and  topographical  properties  of multipeaked  neu- 
rons,  some  discussion  is in  order  about  the  relationship  be- 
tween  the  neuronal  response  properties  and  those  of behav- 
iorally  useful  stimuli.  Potential  harmonic  properties  of 
multipeaked  neurons  have  been  demonstrated.  Cortical  lo- 
cations  with  clearly  expressed  harmonic  input  (Fig.  4) are 
particularly  intriguing.  Whereas  the  multiple-unit  FRA  in- 
dicates  that  the  neuron  cluster  might  be well  suited  to  ana- 
lyze  a  13-kHz  harmonic  series, there  are  elements  (single- 
neuron)  in  the  same  local  network  that  may  be  suited  to 
encode  portions  of the  harmonic  complex,  i.e.,  without  the 
fundamental  frequency.  These  response  properties  provide 
evidence  that  some  locally  available  inputs  (in  this  case the 
fundamental  frequency  of a harmonic  complex)  might  not 
be  expressed  in  the  output  of cortical  cells.  The  currently 
available  evidence  is not  conclusive,  however.  These  neu- 
rons  have  not  been  shown  to  be combination  selective  (fa- 
cilitator-y)  for  harmonic  complexes. 
In  contrast  to  the  bat,  the  lack  of clearly  identified  behav- 
iorally  useful  stimuli  for  the  cat that  match  the  physiologi- 
cal  properties  of these  neurons  renders  an  interpretation 
more  difficult.  Most  neurons  studied  in  these  experiments 
had  high  CFs, and  the  fundamental  frequencies  that  poten- 
tially  could  be encoded  would  generally  have  to be >5  kHz. 
The  fundamental  frequencies  of  cat  and  kitten  isolation 
and  deprivation  calls  are  usually  between  0.5  and  2  kHz 
(Brown  et al.  1978;  Haertel  1975;  Haskins  1979;  Shipley  et 
al.  1988;  Wantanabe  and  Katsuki  1974).  Fundamental  fre- 
quencies  >3  kHz  are rare.  Only  a few  spectrographic  studies 
have  considered  high-frequency  (>8  kHz)  components  of 
cat  and  kitten  vocalizations  (e.g.,  Haertel  1975;  Romand 
and  Ehret  1984).  Although  these  studies  reported  vocaliza- 
tion  components  up  to  50  kHz,  they  did  not  demonstrate 
harmonic  structures  with  fundamental  frequencies  > 5 
kHz;  however,  it  cannot  be completely  ruled  out  that  some 
cat/kitten  vocalizations  do  contain  high-frequency  har- 
monic  complexes. 
Potential  prey  such as rodents  have  been  shown  to  gener- 
ate narrow-band  vocalizations  with  frequencies  that  closely 
correspond  to the  CFs of multipeaked  neurons  encountered 
in  this  study  (e.g., Anderson  1954;  Ehret  1980;  Haack  et al. 
1983;  Nitschke  1982).  Whereas  rodents  commonly  emit 
high-frequency  (5-  100  kHz)  calls,  bird  vocalizations  with 
fundamental  frequencies  >  10 kHz  are  rare  (Marler  1977). 
Therefore  it  appears  that  rodent  vocalizations  might  be  a 
good  stimulus  to  use with  the  high-frequency  multipeaked 
neurons. 
Several  of the  lower  CF  neurons  (Figure  3, E,  F,  J,  Q,  R, 
and  w> could  be encoding  elements  of naturally  occurring 
vocalizations.  For  all  neurons  with  2 CF  peaks  <  10 kHz, 
the  range  of  peak  separation  was  1.4-2.3  kHz.  This  is 
within  the  range  of  fundamental  frequencies  of  isolation 
and  deprivation  calls.  Four  of the  six neurons  have CF pairs 
roughly  corresponding  to  second  and  third  harmonics.  One 
of  the  six  had  a  CF  separation  corresponding  exactly  to 
fourth  and  fifth  harmonics.  These  lower  frequency  multi- 
peaked  neurons  would  be  excellent  candidates  to  study 
with  naturally  occurring  isolation  and  deprivation  calls. 
Another  functional  objective  for  multipeaked  neurons 
could  be  the  encoding  of  monaural  spatial  localization 
cues.  The  pinnae  of cats  selectively  attenuate  certain  fre- 
quencies  of sound  depending  on  the  spatial  location  of the 
source (Musicant  et al.  1990).  Multipeaked  neurons  may  be 
particularly  well  suited  to  detect  spectral  notches  in  broad- 
band  stimuli  such  as that  reported  by  Musicant  and  col- 
leagues. 
Signijicance  oflatency  dlflerences 
This  study  demonstrates  latency  differences  between  re- 
sponses to  CF,  and  CF,  tones;  however,  temporal-delay  se- 
lectivity  to  two-tone  presentation  was not  studied.  In  the 
bat,  facilitatory  responses  of multipeaked  neurons  were not 
strongly  affected  by relative  delays  of the  components  (Suga 
et  al.  1979,  1983).  Whether  this  is also  the  case in  the  cat 
remains  to  be  determined.  Consequently,  a functional  in- 
terpretation  of the  delay  differences  can  only  be cursory. 
In  the  acoustical  biotope,  delay  components  are  present 
in  a variety  of sounds,  including  modulations  and  transi- 
tions  in  vocalizations,  sound  reflections,  and  moving  sound 
sources.  The  delays  between  responses  might  not  relate  to 
temporal  selectivity,  however,  but  may  simply  reflect  rela- 
tive  delays  created  within  the  auditory  system.  For  exam- 
ple,  it  has been  shown  that  response  delays  systematically 
vary  over  >20  ms  within  the  isofrequency  domain  of the 
central  nucleus  of the  inferior  colliculus  (Schreiner  and 
Langner  1988).  It  is conceivable  that  the  observed  range  of 
latency  differences  in  multipeaked  neurons  is a reflection  of 
the  integration  of responses  from  different  portions  of the 
same  projection  or  from  different  projection  sources. 
Possible  functions  ofmultipeaked  neurons  in  dorsal  AI 
In  considering  a functional  role  for dorsal  AI,  one  cannot 
rule  out  the  possible  importance  of acoustic  environment 
and  plasticity.  In  the  somatosensory  (Clark  et al.  1988)  and 
visual  (Blasdel  and  Pettigrew  1979;  Stryker  and  Strickland 
1984)  cortex,  the  response  properties  of  cortical  neurons 
can  be  greatly  altered  so that  the  representation  of tempo- 
rally  coincident  stimulation  of the  receptor  surface  is mag- 
nified.  Similarly,  temporal  coincidence  or  patterns  in  the 
stimulation  of different  basilar  membrane  segments  might 
be  reflected  in  multipeaked  neurons.  Therefore  naturally 
occurring  temporal-frequency  interplay  in the  cat’s environ- 
ment  might  affect or create  the  observed  responses  of multi- 
peaked  neurons  in  the  AI.  Temporal  coincidence  of differ- 
ent  spectral  regions  is common  in  communication  sounds 
(formants,  harmonics,  and  transitions)  as well  as in  sound 
localization  tasks  using  outer  ear  transformations  (Musi- 
cant  et  al.  1990)  and  characterizing  common  sound 
sources. 
That  neurons  in  the  dorsoposterior  region  of AI  respond 
to  noise  and  clicks  but  less to  tones  (Merzenich  et al.  1975, 
Reale  and  Imig  1980)  suggests that  the  dorsoposterior  re- 
gion  performs  some  spectral  integration  (summation).  Oc- 
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well  to  two-tone  stimulation  but  not  to  single  tones.  More 
commonly,  neurons  were  encountered  that  showed  a new 
tuning  area  on  two-tone  stimulation  that  was  not  apparent 
from  single-tone  stimulation.  These  data  support  the  hy- 
pothesis  that  dorsally  located  neurons  could  be  tuned  to 
respond  best  to  specific  spectral  combinations. 
We  can  reasonably  hypothesize  that  the  dorsal  part  of AI 
is  being  used  as  a  highly  tuned  preprocessor  of  complex 
spectral  information.  This  preprocessed  information  can  be 
used  for  diverse  behavioral  functions.  This  includes,  in  the 
high-frequency  region,  sound  localization  by  the  use  of 
pinna  spatial  transformations  (Musicant  et  al.  1990)  and 
the  localization  and  identification  of  complex  sounds,  in- 
cluding  possibly  echoes.  Sounds  of  interest  to  cats  in  the 
lower  frequency  range  include  species-specific  communica- 
tions  (Haertel  1975),  sounds  generated  by  prey  and  hu- 
mans,  and  sounds  from  inanimate  sources  common  to  the 
cat’s  natural  environment. 
Because  there  appears  to  be a gradient  in the  complexity 
of  excitatory  spectral  tuning  (Schreiner  and  Mendelson, 
1990)  and  latencies  (Schreiner  et  al.  1988),  refining  and 
integration  of  spectral  tuning  and  selectivity  might  occur 
progressively  in the dorsal  direction  within  AI.  If this  is true, 
the  lack  of recognized  auditory  responsiveness  of cortex  pro- 
gressing  toward  and  into  the  suprasylvian  sulcus  (e.g.,  Mer- 
zenith  et al.  1975;  Middlebrooks  and  Zook  1983)  might  be 
due  to  the  use  of  inappropriate  stimuli  and/or  anesthetic 
state. 
Concluding  remarks 
This  study  reports  the  presence  and  topography  of  neu- 
rons  that  are  potential  candidates  for  analyzing  complex 
sounds.  The  physiological  properties  of  neurons  in  dorsal 
AI  as  described  in  this  paper  might  provide  a framework  for 
the  creation  of  highly  specialized,  behaviorally  significant 
filters  of information  in  the  spectrally  complex  acoustic  en- 
vironment  of  mammals.  Further  studies  are  necessary  to 
test  the  temporal  sensitivity  of  these  neurons  to  two-tone 
combinations  and the  responsiveness  of these  cells  to behav- 
iorally  relevant  stimuli. 
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